We consider theoretically surface plasmon polaritons in Weyl semimetals. These materials contain pairs of band touching points -Weyl nodes -with a chiral topological charge, which induces an optical anisotropy and anomalous transport through the chiral anomaly. We show that these effects, which are not present in ordinary metals, have a direct fundamental manifestation in the surface plasmon dispersion. The retarded Weyl surface plasmon dispersion depends on the separation of the Weyl nodes in energy and momentum space. For Weyl semimetals with broken time-reversal symmetry, the distance between the nodes acts as an effective applied magnetic field in momentum space, and the Weyl surface plasmon polariton dispersion is strikingly similar to magnetoplasmons in ordinary metals. In particular, this implies the existence of nonreciprocal surface modes. In addition, we obtain the nonretarded Weyl magnetoplasmon modes, which acquire an additional longitudinal magnetic-field dependence. These predicted surface plasmon results are observable manifestations of the chiral anomaly in Weyl semimetals and might have technological applications.
We consider theoretically surface plasmon polaritons in Weyl semimetals. These materials contain pairs of band touching points -Weyl nodes -with a chiral topological charge, which induces an optical anisotropy and anomalous transport through the chiral anomaly. We show that these effects, which are not present in ordinary metals, have a direct fundamental manifestation in the surface plasmon dispersion. The retarded Weyl surface plasmon dispersion depends on the separation of the Weyl nodes in energy and momentum space. For Weyl semimetals with broken time-reversal symmetry, the distance between the nodes acts as an effective applied magnetic field in momentum space, and the Weyl surface plasmon polariton dispersion is strikingly similar to magnetoplasmons in ordinary metals. In particular, this implies the existence of nonreciprocal surface modes. In addition, we obtain the nonretarded Weyl magnetoplasmon modes, which acquire an additional longitudinal magnetic-field dependence. These predicted surface plasmon results are observable manifestations of the chiral anomaly in Weyl semimetals and might have technological applications. Surface plasmon polaritons (SPPs) are collective electromagnetic and electron-charge excitations that are confined to the surface of a metal or semiconductor. They were proposed in the 1950's [1, 2] and have been observed via electron energy loss spectroscopy [3, 4] as well as optically via surface gratings [5] or attenuated total reflection [6] . Over the past decades, SPPs have found widespread technological applications, for example, in surface microscopy [7] , for biomolecular detection [8] , or lithography [9] . Because SPPs are focused to sizes smaller than the wavelength of light, they hold promise to realize miniaturized plasmon-based optoelectronic devices, and research in creating such plasmonic devices is flourishing [10] , with the subject being dubbed "plasmonics" or "nano plasmonics," which is a huge applied physics field in its own right.
In this Rapid Communication, we add a fundamental physical aspect to the study of SPPs (and the field of plasmonics), and demonstrate that the surface plasmon polaritons of recently discovered Weyl semimetals (WSMs), which possess topological properties, show a much richer (and unanticipated) structure compared to standard SPPs in ordinary metals and semiconductors. We find that due to the quantum anomalous electrodynamic response of the WSM (which is their hallmark), the retarded Weyl surface plasmon is strongly sensitive to details of the band structure. In particular, we find a geometry in which the SPP is nonreciprocal (i.e., the propagation is unidirectional), even without an applied external magnetic field. In addition, we show that the magnetoplasmon mode displays an additional longitudinal field dependence which is absent in ordinary metals. This can serve as a direct signature of Weyl semimetals in surface measurements. We note that the SPP physics introduced in this work applies to extrinsic or doped WSM materials with no requirement of fine-tuning the chemical potential to the band touching points, making our predictions easy to test experimentally.
An important aspect of SPPs for technological applications is their nonreciprocity, i.e., the SPPs can only propagate in one direction [10] . In conventional metals, nonreciprocal modes are only possible by breaking time-reversal symmetry in an applied external magnetic field [49, 52] . This comes with great technological challenges since for a sizable nonreciprocity, these magnetic fields have to be very large [10] . In this Rapid Communication, we report nonreciprocal SPPs in the pristine WSMs that are induced by topological Weyl node separation without any external magnetic field. This provides an alternative route to nonreciprocal modes and could point to interesting technological applications of WSMs in nanoplasmonics.
Weyl semimetals contain a valence and conduction band that touch in isolated points of the Brillouin zone near the chemical potential µ. The minimal Hamiltonian in the vicinity of such a Weyl node is [11, 12] 
where χ = ± is the chirality, v the Fermi velocity, p the momentum, and σ are Pauli matrices. We consider the generic case of an extrinsic (doped) semimetal with positive chemical potential µ > 0 (the "Weyl metal," although we continue referring to them as WSM). The spectrum of the Hamiltonian (1) is linear with dispersion ε p = ±v|p|. Weyl nodes appear in pairs of opposite chirality [13] [14] [15] , and they can be separated by a wave vector b in the first Brillouin zone or by an energy offset b 0 in energy. The topological properties of a Weyl semimetal are manifested in the form of a θ-term contribution to the action S θ = with θ = 2(b · r − b 0 t) [16] [17] [18] [19] , where e is the electron charge, E the electric field and B the magnetic field. If the bands are degenerate with b 0 = b = 0 (the so-called Dirac semimetal), the system does not possess topological properties. The θ term changes the electromagnetic response of the material in the bulk medium by altering the constitutive relation that links the displacement field and the electric field [20] [21] [22] [23] [24] [25] [26] , which in frequency space reads
where ε ∞ is the static dielectric constant of the medium and σ the conductivity. The first term in parentheses is the standard term as in normal metals, and the last two terms arise due to the chiral anomaly. The gradient term in θ describes the contribution of an anomalous Hall current, and the last time-derivative term describes the chiral magnetic effect [19] . Weyl semimetals have recently been reported for TaAs [27, 28] Here, we show that the topological properties of Weyl semimetals affect the surface plasmon polariton dispersion. There are two main results of this work: First, because a WSM is an optically anisotropic medium, the surface plasmon dispersion depends on the Weyl node separation. The effect is strongest in the retarded limit (i.e., small wave vector), where the magnitude of the wave vector is comparable to the bulk plasmon frequency (divided by c, the velocity of light). We find that for a timereversal broken WSM without external magnetic field, the SPP dispersion resembles retarded magnetoplasmon modes in standard metals. In particular, for certain orientations of the surface, we predict a nonreciprocal dispersion, i.e., a dispersion that depends on the sign of the wave vector. As the second main result of this work, we predict that the Weyl surface magnetoplasmon modes possess an anomalous longitudinal magnetic field dependence that is absent for standard metals. This effect is caused by the anomalous magnetic field dependence of the WSM longitudinal conductivity ("negative magnetoresistance") [25, 40, 41] , a direct consequence of the chiral anomaly. In the remainder of this Rapid Communication, we derive both effects and discuss their experimental implications. All the algebraic details are provided in the Supplemental Material.
Surface plasmon polaritons are solutions of Maxwell's equations localized at the interface of two media. We consider the following geometry: A Weyl semimetal fills the positive half volume z > 0, and a vacuum for z < 0. The WSM-vacuum interface lies in the xy plane. For simplicity, we restrict the analysis to a single pair of Weyl nodes (although our results are obviously valid for WSM with arbitrary pairs of nodes). Since we have translational invariance along the interface, the SSP are parametrized by the parallel wave vector q = (q x , q y ). We search for electric fields of the form
which decay exponentially away from the boundary, i.e., for which Re κ > 0, and we label j = 0 on the vacuum side and j > 0 enumerates the solutions in the WSM. The decay constants κ j are determined from a solution of the wave equation
where on the vacuum side, we have D = E, and for the WSM, D is given by Eq. (2) (the magnetic field in this expression is related to the electric field by Faraday's law B = c iω ∇ × E). Substituting the ansatz (3) in Eq. (4), we obtain a linear system of equations. The zeros of the determinant of this system yield κ j . In general, on the WSM side, it turns out that there are two solutions of Eq. (4) with exponentially decaying field. We demand the continuity of the parallel components of electric and magnetic fields (E In the following, we assume that the dielectric tensor does not depend on the wavelength or the position inside the WSM. This approximation applies if the inverse wave vector of the SPP is large compared to the Thomas-Fermi length, which in a WSM is proportional to the inverse Fermi wave vector [42, 43] . In this case, the diagonal component of the dielectric tensor is
2 denotes the bulk plasmon frequency [44] [45] [46] with α = e 2 / vε ∞ being the finestructure constant of the WSM.
We first discuss the results for the SPP of a Dirac semimetal (for which b = 0 and b 0 = 0). The SPP solves
with κ 0 = q 2 − ω 2 /c 2 . This coincides with the conventional SPP condition in standard metals [1, 47] . The surface plasmon dispersion is indicated by a thick black dashed line in Figs. 1 (a) -(c). In the fully retarded limit cq Ω p , the SPP follows the light-line ω = cq [thin black line in Figs. 1(a)-1(c)] and turns over in the hydrodynamic limit cq Ω p to a constant value ω = ε ∞ /(ε ∞ + 1)Ω p (horizontal thin black line), which solves ε 1 (ω) = −1. In particular, for ε ∞ = 1, this coincides with the famous result by Ritchie, ω = Ω p / √ 2 [1] . However, these surface plasmon modes are different from ordinary metals since they are purely quantum with appearing explicitly [48] : Ω 2 p ∼ αn 2/3 ∼ n 2/3 / . Furthermore, they show a sub-linear density dependence as opposed to a linear density-dependence for Ω 2 p in ordinary metals. Electron interactions can introduce a logarithmic correction to this scaling through charge renormalization [45] . We predict that the linear dispersion of a Dirac semimetal is manifested in a nonlinear dependence of the squared SPP mode frequency on doping density. Note that the characteristic scaling behavior may not only be probed by varying the doping density but also by finite-temperature measurements [31, 45] . For comparison, we include as thin red lines the corresponding bulk plasmon modes for which one of the decay constants vanishes κ = 0 and the plasmon is no longer confined to the surface. As is evident from the plots, for some wave vectors, bulk and surface modes are degenerate, while in other regions (marked by black end points), the SPP vanishes. Here, a generalized SPP still exists, but with a complex wave vector q, indicating a coupling of surface and bulk modes [49] . It is interesting to note that the geometry [ Fig. 1(a) ] shows signs of the chiral anomaly, even though another characteristic signature of WSM -topological Fermi arc surface states -are absent in this configuration. Similar features are seen in Fig. 1(b) , which is shown for three different values ω b /Ω p = 0.5, 1, and 1.5. Both cases shown in Figs. 1(a) and 1(b) are reciprocal, i.e., the dispersion is independent of the sign of q. In case (c), however, the SPP dispersion is nonreciprocal. For positive q > 0 (blue dotted line), there is a transition from the light line to an asymptotic nonretarded constant frequency. For negative q < 0, the dispersion has a discontinuity as it merges with the bulk plasmon mode, at which point it jumps to a higher frequency. In particular, there exists a frequency range where the system supports only modes with q < 0. The nonreciprocity that we report could have interesting technological applications [50] . While nonreciprocal SSP in normal metals require magnetic fields or impurities [51] , nonreciprocity is a fundamental intrinsic material property of a WSM arising from its topological nature.
Strikingly, the SPP with b = 0 resemble, on a qualitative level, SPP of an ordinary metal in the presence of an external magnetic field [49, 52, 53] , even though they have quite a different origin. Hence, the topological contribution to the dielectric tensor, which stems from an anomalous Hall displacement current, induces an "anomalous surface magnetoplasmon." This is a central result of our work.
The retarded SPP dispersion of a WSM with b 0 = 0 (and b = 0) is shown in Fig. 2 for ω b0 /Ω p = 0.5. The dispersion solves
where the decay constants are
There is no dependence on the direction of the parallel wave number q. In addition to the changed SPP dispersion, another observable effect would be a tilt of the field polarization out of the sagittal plane, as suggested for 3D topological insulators [54] .
We now consider WSM surface magnetoplasmon modes, which turn out to have an unusual magnetic field dependence. As this effect is distinct from the zero-field anomalous SPP discussed so far, we restrict our attention to the nonretarded limit and neglect corrections due to the separation of the Weyl nodes. The dielectric tensor takes the form ε 1 (ω) = ε ∞ + 4πi ω σ. The conductivity can be derived in a semiclassical framework, in which the Berry curvature modifies the semiclassical equation of motion [25, 40, 41, 55, 56] . In particular, the Berry curvature induces a longitudinal magnetoconductivity [40, 41] σ (ω) = iΩ
whereas in an ordinary metal, there is only the first Drude term and no dependence on the magnetic field.
Here, ω c = ev 2 B/µc denotes the cyclotron frequency and Eq. (7) holds for frequencies ω τ −1 , where τ is the inelastic intranode scattering time [40] . Note that the relative strength of the Drude and the anomalous term depends on the magnetic field and the doping density. The remaining components of the conductivity tensor take the standard Drude form
, provided that Berry curvature corrections to the density of states and the intrinsic orbital moment are neglected [25] . In the nonretarded limit, the electric field is given by E = −∇φ, where the electrostatic potential solves Poisson's equation ∇ 2 φ = 4πρ and ρ is the induced charge density. On the vacuum side, the potential solves ∇ 2 φ = 0. Combining Poisson's equation with the current and the continuity equation, we obtain (setting ε ∞ = 1) We make the ansatz φ = φ i e iqxx+iqyy e −iωt e −κj |z| and impose the continuity of φ at the boundary. Integrating Eq. (8) across the interface, we find the second boundary condition
where the prime denotes a derivative with respect to z. These conditions are of course equivalent to demanding the continuity of the parallel components of E and the perpendicular component of D.
For a magnetic field parallel to the surface, we obtain the surface plasmon condition
where θ is the relative angle between the magnetic field and the parallel momentum q. The term proportional to sin θ implies that the surface magnetoplasmon is nonreciprocal, i.e., the frequency depends on the sign of q y . For a dispersion perpendicular to the magnetic field (cos θ = 0), we find ω 2 − ωω c sgn(q) − Ω 2 p /2 = 0, which is the same form as in ordinary metals [57] . There is a modification of the plasmon dispersion for modes that propagate along the magnetic field (sin θ = 0), for which we find
The anomalous correction to σ changes the magnetic field dependence of the plasmon frequency. Comparing with the standard surface plasmon relation ω 2 = ε ∞ /(ε ∞ +1)Ω 2 p , we interpret the correction as an anomalous contribution to the dielectric constant of the medium ∆ε ∞ = αω 2 c /πΩ
2 n −4/3 , which acquires a magnetic field dependence. If the anomalous term dominates (at small α and doping), the plasmon mode is equal to the bulk plasmon frequency, ω 2 = Ω 2 p . For a magnetic field that is perpendicular to the surface, we obtain the same anomalous surface plasmon dispersion as in Eq. (11) .
In summary, we predict a rich (and experimentally observable) structure of surface plasmon polaritons in doped Weyl semimetals. In particular, we show the following: (a) There is a quantum surface plasmon mode with unusual density dependence; (b) for broken inversion symmetry, the retarded dispersion is strongly affected by the chemical potential imbalance; (c) for broken time-reversal symmetry, the dispersion depends on the Weyl node separation, which acts similar to an internal magnetic field; (d) a nonreciprocal dispersion arises naturally even without external magnetic fields; and (e) the magnetoplasmon mode acquires an additional longitudinal magnetic field dependence. These effects are experimentally observable signatures of the chiral anomaly in Weyl semimetals and could point the way to future technological applications of these systems. In this supplemental material, we provide details on the calculation of the retarded surface plasmon polariton dispersion. The interface between the vacuum and the Weyl semimetal (WSM) is in the x-y plane at z = 0, with the vacuum for z < 0 and the WSM for z > 0. The evanescent ansatz (3) for the electric field at the boundary solves the wave equation (4), where the displacement field D is related to the electric field E through the dielectric tensorε(ω), Eq. (2). Hence, the electric field solves a homogeneous equationM E = 0, wherê 
with the positive sign on the vacuum side and negative on the WSM side. The zeros of the determinant ofM determine the decay constant κ j . On the vacuum side (j = 0), we find κ
